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FIDELITY OF DNA POLYMERASE IN VITRO

Yannacos C. Philopoulos, Ph.D.
Western Michigan University, 1982

The f id e lity of DNA Polymerase I , isolated from B^. licheniformis
and

stearothermophi1us, was tested in the presence of carcinogens

and anticancer compounds.

All of these compounds inhibited (52.4-99.2%)

the synthesis of DNA using Poly(dA-dT) as a template.

The compounds

were inhibitory at all concentration levels tested, 0.01, 1.0 and
100 mM.

The f id e lity of the enzyme appeared to be enhanced by the

presence of these compounds, as indicated by misincorporation (50-70%),■
that is , the incorporation of incorrect nucleotide.

Misincorporation

in the presence of either carcinogens or anti cancer compounds was
less than that of control.

The results from both organisms showed

similar trends.
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INTRODUCTION
The currently accepted structure of DNA is described by the
double helix model, proposed by Watson and Crick in the early 50's
(1 ).

According to this model, DNA consists of two helical strands

intertwined.

Each strand of the double stranded DNA consist of a

chain of nucleotides, with each nucleotide consisting of a sugar
(deoxyribose), a phosphate group, and one of four organic bases
(Adenine, Thymine, Guanine, or Cytosine).
The nucleotides are linked together by phosphodiester bonds
between C-3 of one sugar and C-5 of an adjacent sugar.

The sugar

molecules and the phosphate groups form the backbone of the strand
and the bases project from the strand toward the in te rio r of the
molecule.

The two chains of nucleotides are linked together by com

plementary hydrogen bonding bonding between the bases (Adenine to
Thymine and Guanine to Cytosine) and by hydrophobic stacking in te r
actions, between the parallel layers of base pairs.

The s ta b ility

of each base pair is a function of these hydrogen and hydrophobic
bonds as well as of Van der Waals and electrostatic interactions (2)..
The sequence of the bases in DNA, carries genetic information;
the specific sequence of a certain group of nucleotides is called a
gene and is ultimately translated into a sequence of amino acids in
a protein.

In addition to directing the synthesis of protein, DNA

can also give rise to more DNA in the process of replication.

In

this process the DNA strands are unwound and each strand serves as
a template for the laying down of a new complementary polynucleotide
1
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strand.

In this fashion, the genetic information (nucleotide se

quence) is transferred from a parent DNA molecule to two daughter DNA
molecules.

This is shown schematically in Fig. 1.

Alterations in the structure of DNA (mutation) and exchange of
segments between DNA molecules (recombination) are factors in
changing the information and expression of genes.

These changes are

limited by the existence of natural barriers which prevent the ex
change of genetic information of unrelated organisms or species.

It

is not presently known how these barriers work, but their fundamental
biological importance is apparent.
When organisms reproduce themselves, sexually or asexually, the
offsprings d iffe r from the parents but these changes f a ll within the
lim its described by the natural barriers and do not endanger the
preservation of the species.
Most bacteria do not exchange genetic information, but small
DNA segments that exist apart from the chromosome (plasmid), can
transfer a chromosomal DNA segment to the cell of a related bacterium
or can become integrated into the chromosome of their own cell (3).
This kind of gene transfer seems to be lim ited, which indicates that
bacterial evolution is happening, but only at a low rate.

The

a b ility of plasmids to function in the transfer of genetic informa
tion is a key component of the current endeavor of genetic engineer
ing involving transfer of genetic information.
Bacteria can be classified by the temperature at which they
grow.

Psychrophiles grow at temperatures below 25°C, mesophiles grow

at physiological temperatures (25°-45°C), and thermophiles grow
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at temperatures above 45°C.

Among these three categories, the ther-

mophiles are probably the most interesting (biochemically speaking)
because they can grow at temperatures at which normal cellu lar
components break down.
Three theories have been advanced to explain the phenomenon of
thermophily.

One theory postulates that the lip id content in ther

mophiles is high and plays a protective role.
cribes

A second theory as

the phenomenon of thermophily to increased rates of synthesis

and degradation.

The third theory proposes that macromolecules and

subcellular structures in thermophilic bacteria are unusually stable
compared to those of mesophilic bacteria.

Support for this theory

comes from demonstrations of higher s ta b ility of enzymes (4) and
higher temperatures of DNA from thermophiles compared to
similar components from mesophiles (5 ).
DNA replication involves a number of different enzymes, includ
ing polymerases, nucleases, and ligases.

The DNA polymerases are

part of a unique class of enzymes in that they primarily take direc
tions from another molecule, a template.

These enzymes elongate

existing chains, they cannot in itia te chains as do RNA polymerases.
DNA polymerase (DNA Polymerase I) w ill be used in this study
to replicate strands of two synthetic polynucleotides, Poly(dA-dT)
(a double-stranded molecule in which each strand is an alternating
sequence of A and T) and Poly(dG).Poly(dC) (a double-stranded mole
cule in which one strand consists of polycytidylic acid and one
strand consists of polyguanylic acid).
Using Poly(dA-dT), for example, correct incorporation can be
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corporation (Tack of fid e lity ) can be determined by measuring the
incorporation of [^H]-dGTP.
Very few studies have been conducted concerning the f id e lity
of DNA polymerase in vivo (6 ), but a large number of studies have
been conducted to determine the f id e lity of DNA polymerase in vitro
under various conditions.
An important investigation is that of Trautner et al (7) using
DNA polymerase from

c o li.

These investigators found that misin

corporation, using a synthetic Poly(dA-dT) template at 37°C, was very
low, amounting to 1/28,000 - 1/580,000 residues with a total polymer
synthesis of

30 - 100%.

I t has been shown by others that the extent

of misincorporation varies greatly with the conditions of the in vitro
reaction and may be as high as 1/500 (8 ).

The fid e lity of DNA poly

merase varies with the source of the enzyme (9, 10, 11), the concentra
tion of metal ions (12), the nature of the template (13), and so on.
In these studies, the fid e lity of the enzyme has generally been
determined by nearest neighbor base frequency analysis and/or by meas
uring misincorporation of a nucleotide into an insoluble product and
comparing i t to the incorporation of a complementary nucleotide (14).
One should be aware of the fact that these results may not clearly
re fle c t the events during the in vivo synthesis of DNA.
Investigators have found that the nature of the template affects
the kinetics of synthesis, as well as the error frequency during this
polymerization (15, 16, 17).

Due to the repetitive nature of the

synthetic templates the la tte r may tolerate the insertions of
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incorrect nucleotides at a greater frequency than would natural DNA.
This is because the mismatched nucleotides could loop out of the
nucleic acid helix by slippage during the synthesis.
Several hypotheses have been proposed to explain the high
f id e lity of DNA polymerase.

These hypotheses can be classified, with

modifications, into two fundamental groups.

One, originally proposed

by Watson and Crick, postulates that the strength of the hydrogen
bonding between complementary base pairs is sufficiently greater than
other types of interactions to assure the accuracy of replication.
In this group belong proposals by Kornberg (18, 19), Bessman (20),
Hopfield (21), Ninio (22), and Branscorab (23).

The other group of

hypotheses due to Sprayer (24), Mildvan (25), and Loeb (26), postulates
that specificity due to hydrogen bonding between complementary bases
is not sufficient by its e lf , and that allosteric sites on the DNA
polymerase respond to substrates and assure accuracy of replication.
In fa c t, i t has been argued that the accuracy of DNA synthesis would
be similar for all polymerases regardless of source i f hydrogen bond
ing between the bases was solely responsible for the fid e lity of DNA
synthesis.
Two major mechanisms have been proposed to be responsible for
assuring the fid e lity of DNA replication: (a) base selection during
polymerization and (b) editing the errors by means of nucleases after
polymerization has occurred.

Effects on the fid e lity of DNA polymer

ase have generally been interpreted in terms of effects on one or
both of these major mechanisms.
A number of other mechanisms have been proposed by Loeb (27)
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to account for the decrease in f id e lity of DNA polymerase a ctivity
as a result of metal cations.

These include: a) a change in conform

ation of the nucleotide substrate at the active site ; b) metal in te r
actions with the enzyme at ancillary sites; c) metal binding to nucleo
tides on the template causing changes in specific base pairing, and
d) inhibition of the 3 '— * 5 '

exonuclease a c tiv ity of DNA Polymerase I .

The effects of compounds on polynucleotide synthesis depend
on the interaction of the compound with the DNA.
greater effe ct, others have lesser effe ct.

Some compounds have

Many steroids and other

therapeutic agents react non-covalently with the DNA, or form unstable,
short-lived complexes.

This may affect the in vitro synthesis of

Poly(dA-dT) but may have l i t t l e effect on the in vivo synthesis of
DNA.
Other compounds react covalently with the DNA.

Berthold (28)

showed that N-acetoxy-2-acetyl aminof1uorene, a carcinogen, binds
covalently to duplex DNA at the H-8 position of guanine, thus forcing
the base to rotate from the normal anti to the syn conformation and
producing steric distortion and localized dénaturation.

Such a

change in the DNA would represent a mutation and may lead to trans
formation of a normal to a malignant c e ll.
Considerations relating to the interaction of compounds with
DNA are of great importance in this study for interpreting the effects
of carcinogens and anti cancer compounds.
There are several reasons why compounds interact d iffe re n tia lly
with DNA: a) Geometry of the molecule: Is the molecule a planar one
or is i t in cis or trans configuration?

Is the molecule a straight
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chain or does i t have a cyclic structure?
small?

Is the molecule large or

b) Functional groups of the molecule: Does the molecule have

any potential hydrogen donor or acceptor groups (e.g. -WH or -C -)
that could function by forming hydrogen bonding with DNA? Likewise,
are there potential hydrophilic bond forming groups or electrostatic
bond forming groups on the molecule?

c) Orientation of the molecule:

How does the compound become oriented on the enzyme and/or on the
DNA molecule?
A special case of interaction between compounds and DNA involves
regions in the DNA that are rich in Guanine and Cytosine.
There have been reports in the literatu re that clusters of G-C
base pairs exist in different DNA's even though th eir total G+C content
may be the same. Such clusters obviously have different properties
than other parts of the DNA molecule.

The function of G-C clusters

may be due to a number of unusual properties of Guanine, which is
capable of participating in reactions and interactions that the other
nucleic acid bases cannot undergo.

In fa c t, the conformational

changes that occur in DNA during the binding of any compound appear
to be associated with the guanine moiety.
The reactivity of guanine in G-C clusters may be quite different
from that in other parts of the DNA molecule.

I f a compound reacts

with guanine and leads to a conformational change in the DNA (e .g .,
conversion of anti to syn form) this could profoundly alte r the bio
logical properties of the DNA.
Some carcinogens appear to be doing exactly this; interact with
guanine leading to a conformational change in the DNA.

In fact.
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clusters of G-C have been proposed to serve as specific recognition
sites for the in it ia l binding of a carcinogen to DNA.

Such a carcin

ogen-modified DNA did not function well in base pairing and therefore
had low activity in DNA synthesis.

According to Berthold (28) the

in itia tin g step in chemical carcinogenesis is the transfer of electrophi lie groups from the carcinogen to the DNA.

These chemical alte ra

tions, as well as steric distortions resulting from the covalent bind
ing of the carcinogen, result in termination of DNA synthesis and
production of a post replication gap (29).

Such a gap has to be

f ille d by means of a DNA-repair mechanism (30, 31).

Alternatively,

i t could become f ille d with a non-complementary base, thereby giving
rise to a mutation.
A second specific case of interaction between compounds and
DNA involves metal ions.

Of the three components in DNA, the deoxy

ribose is the poorest coordinator of metal ligands.
The phosphate group is a strong coordinator of transition metal
ions.

As an example, cobalt becomes coordinated to the phosphate

moiety forming an alternating metal-(phosphate oxygen)-metal structure
(32).
The bases afford the largest number of sites fo r metal ion bind
ing and they are excellent coordinators of metal ligands.
cyclic

The hetero

and amide nitrogen atoms of the bases can form covalent bonds

with metal ions.

The s ta b ility of such metal nucleotide complexes

is very great because they are also stabilized by the electrostatic
attraction between the electrophilic metal center and the anionic
phosphate group.

In the case of the purines, both N-7 and N-1 are
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coordinating sites in neutral solution while N-7 is the only binding
site under acidic conditions.

In the case of the pyrimidines, coor

dination generally involves N-3.
A third special case of interaction between compounds and DNA
involves base analogues.

Engel has shown that base analogues capable

of forming geometrically appropriate base pairs to normal adenine-thymine and guanine-cytosine types (these base pairs d iffe r from the
normal ones only in th e ir relative s ta b ility ), are not discriminated
against by either the polymerase activity or the 3 '— ^ 5 '
function of DNA Polymerase I .

exonuclease

Moreover, the probability of incorpora

tion of the analogue was the same as that of adenine but slower in
rate.

The author concluded from these data and a consideration of

classical enzyme kinetics, that the interaction between the nucleoside
triphosphate (NIP) and the polymerase was a slow multi-step process.
Several studies have been made in an attempt to correlate struc
tural properties of compounds interacting with DNA and th eir effec
tiveness as carcinogenic or mutagenic agents.

I t was found (34) that

there was a reasonably good correlation between the structural
features required for carcinogenicity and those required for either
an increase or other change in the optical rotation of the compound.
Other results tend to suggest that secondary valence forces (independent
of the covalent bonding to DNA) may play a role in some types of car
cinogenesis (e .g ., due to azo dyes) by changing the helical content
and the structural r ig id ity of cellu lar proteins, thereby influencing
th e ir functional contributions to cell metabolism.
The subject of this dissertation

deals with the fid e lity of
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DNA polymerase (DNA Polymerase I) using Poly(dA-dT) as a template
and measuring the incorporation of [^H]-dATP and [^H]-dGTP.

Speci

fic a lly , the research involves a study of the effects of carcinogens
and anticancer compounds on the f id e lity of DNA polymerase isolated
from the mesophile. Bacillus licheniformis (NRS 243), and the thermophile, E. stearothermophilus 10.
The carcinogens selected have been shown to be carcinogenic
by the Ames test (33), which involves the use of mutants of the bacter
ium Salmonella typhimurium to identify the mutagenicity of chemicals.
I t is known that there is a good correlation between the mutagenicity
of the compound in the Ames test and its carcinogenicity in animals.
No existing test is 100% accurate in screening carcinogenic compounds,
but the Ames test is accepted by the Federal Agency (Environmental
Protection Agency) as one of the good tests for classifying compounds
into carcinogens and non-carcinogens.

When a compound shows no pos

itiv e reaction in this te s t, i t is considered harmless as fa r as the
production of cancer is concerned.
The carcinogens and anticancer compounds selected for this study
represent various classes of compounds.

They also had to have reason

able solu b ility so that different concentrations of the compounds
could be used.

The purpose of this survey was to see whether any

generalizations could be made concerning the effects of these compounds
on the f id e lity of DNA polymerase.
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MATERIALS AND METHODS
The mesophile. Bacillus licheniformis, and the thermophile,
stearothermophi1us were used for these studies.
Growth of the Cells
Cells were f ir s t grown on slants containing 2% agar, 1% try p ticase, and 0.2% yeast extract.

Cells from both organisms were grown

for 10 hours at 37°C and 55°C respectively.

Following this incubation,

the cells were transferred twice more to fresh slants and reincubated
as above.
Cell growth obtained after the third incubation was transferred
v;ith s te rile HgO to a 4 - lit e r flask.

The growth in each slant was

washed o ff using 6 ml of s te rile water and a total of 8 slants were
used to inoculate the flask.

The la tte r contained 2 lite r s of medium

consisting of 1% trypticase and 0.2% yeast extract.
The cells were grown in the flasks with a iration for 20 hours,
as shown in Figure 2.

The long growth time was needed due to the

re la tiv e ly low efficiency of aeration.

For determination of the

growth curve, samples were removed from the culture at approximately
0, 4, 6, 9, 12 and 20 hours and the absorbance was measured at 540 my.
After 20 hours of incubation the culture was centrifuged at
10,000 X g for 30 minutes at 4°C.

The cells were collected and used

immediately, except for one preparation in which the cells were frozen
in liquid nitrogen and stored at -20°C.
12
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Isolation of DNA Polymerase
The procedure was essentially that of Stenesh and Roe (35).
Crude extract:
The cell paste (8.5 g, thawed i f necessary) was suspended in
25 ml of 0.05 M glycylglycine buffer (pH 7 .0 ), containing 0.002 M
EDTA and 0.002 M glutathione.

The suspension was stirred for 2 hours

in the cold room (4°C).
The cells were then broken in a French Press (Aminco Model 5-596)
at 18,000 psi.

The mixture containing the

fuged at 30,000

X

g for 30 minutes at 4°C.

collected and represents Fraction I (25 m l).

broken cells was centri
The supernatant was
The pellet was discarded.

Fraction I (25 ml) was stirred for 2 hours at 4°C with 2.88
ml of 20% (w/w) Dextran T-500, 8.05 ml of 30% (w/w) Polyethylene Glycol
6000, and 8.42 g of solid sodium chloride.

The sodium chloride was

added last and slowly.
The mixture was centrifuged at 50 x g for 10 minutes at 4°C.
This led to a separation into two distinct layers.

The upper layer

(polyethylene glycol and protein) was removed carefully and denoted _
as Fraction I I (30 ml).

The lower layer, containing the nucleic acids,

was discarded.
Fraction I I (30 ml) was dialyzed for

16 hours against 1.7 lite rs

of 0.3 M phosphate buffer (pH 7 .4 ), containing 0.002 M EDTA and0.01 M
2-Mercaptoethanol.

The dialyzed fraction was denoted Fraction I I I

(53 ml).
Fractionation.
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Solid ammonium sulfate. (10 g/100 ml of Fraction I I I ) was added
slowly to Fraction I I I (53 ml).

This was stirred for 15 minutes at

4°C and then centrifuged at 10,000 x g for 30 minutes at 4°C and the
upper layer was removed and discarded.

The lower layer was obtained

and denoted as Fraction IV (44 ml).
The ammonium sulfate

treatment was repeated twice more, which

resulted in Fraction V (35 ml) and Fraction VI (37 ml); the pellets
were discarded.

One more treatment with solid ammonium sulphate

(12.5 g/100 ml of Fraction VI) and one centrifugation as above
resulted in Fraction V II, a ligh t pink colored p elle t.
tant was discarded.

The superna

The pellet (Fraction V II) was frozen t i l l

use.

Assay of DNA Polymerase
The activity of the enzyme was assayed by determining the
amount of radioactivity

incorporated into acidinsoluble

The basic reaction mixture consisted

product.

ofthefollowing (components

added in the order indicated):
1. Water
2. 0.2 M Glycine buffer

50 pî,
(pH 3 .0 ),

50 p&

containing 0.1 M MgClg
3. Polynucleotide: Poly(dA-dT),
6 nmoles, or calf thymus
DNA,40 nmoles

50 p&

4. dATP, dTTP, dGTP, dCTP
10 nmoles each;
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one radicactively labeled
[^H]-dATP or [^H]-dGTP (0.6-1.0 x 10® to ta l DPM)
5.

Enzyme Fraction V III

100 pa
50 pa

The reaction mixture (300 pa) was incubated for 30 minutes at
either 37°C or 55°C.

Following the incubation, the tubes were chilled

in ice for 5 minutes.

Carrier DNA (50 pa of c a lf thymus DNA solution,

2 mg/ml) was then added to each tube, followed by 1 ml of cold 1 M
HCIO^.

Five minutes la te r, 0.5 ml of cold saturated sodium pyrophos

phate was added followed by 1 ml of cold 1% trichloroacetic acid.
The tubes were mixed and allowed to stand for 1 hour at 0°C to insure
complete precipitation of the DNA.
The precipitate was collected by vacuum filtr a tio n on glass
fib e r f i l t e r paper (Whatman GF-C, 2.4 cm diameter, washed twice with
3 ml of saturated sodium pyrophosphate).

The precipitate was washed

on the paper 8 times with 5 ml portions of cold 1% trichloroacetic
acid.
The f i l t e r papers were placed in a scin tilla tio n vial and 15
ml

of

Diotol was

added, (drying of the papers was not necessary).

The screw cap vials were shaken well for proper mixing and counted
for 10 minutes in a Packard S c intillation Counter Model 3380 equipped
with an AAA attachment which converts cpm to DPM and corrects for the
counting efficiency.
One enzyme unit of DNA polymerase a c tiv ity is defined as that
amount of enzyme causing the incorporation of 10 nmoles of total
nucleotides (35) into acid insoluble product during a 30-minute incubation
period under standard assay conditions (0.3 ml reaction mixture).
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Preparation of DNA-cellulose
Fifteen grams of Cell ex N-1 were suspended in 300 ml of 1 M
HCl and stirred for 10 minutes.

The suspension was vacuum filte re d

on Whatman No. 1 f i l t e r paper, washed with water and resuspended in
200 ml of 1 M HCl.

The suspension was again stirred for 10 minutes

filte re d as above, and washed with water t i l l the f ilt r a t e was neutral.
The material was then a ir dried overnight.
The treated Cel lex (3.5 g) was mixed well with 25 ml of calf
thymus DNA (2 mg/ml in 1 mM NaCl) and poured into two petri dishes.
The petri dishes were placed in a desiccator for drying overnight.
The DNA-cellulose complex was scraped o ff the petri dishes,
suspended in absolute ethanol and stirred for 15 minutes.

The sus

pension was placed under a low pressure mercury lamp (115V, 60 Hz) for 15
minutes, at a distance of 10 cm from the lamp, and stirred gently.
The DNA-cellulose was collected on Whatman No. 1 f i l t e r paper.
The DNA-cellulose was then suspended in 200 ml of 1 mM NaCl, stirred
for 10 minutes, and collected by vacuum f iltr a tio n .
fiItr a t io n step ;was repeated twice more.

Thé. suspension and

The. final preparation was

dried in a desiccator overnight.
DNA-cel1ulose Chromatography
One gram of the DNA-cellulose was suspended in 30 ml of 0.01
potassium phosphate buffer (pH 6.8), containing 0.1 M MgClg and 20% (v/v)
glycerol, and packed into a (1 cm diameter) column to a height of 4.5
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cm.

The column was then washed with 50 ml of the above buffer.
Deoxyribonuclease (5 pg) must be mixed with Fraction V II .when

the column is used for the f ir s t time.

This allow the DNAase to

e ffic ie n tly "nick" the DNA bound to the cellulose so that DNA poly
merase can subsequently bind to the DNA.

Fraction V II (p ellet) was

suspended in 6 ml of 0.01 M potassium phosphate buffer (pH 6.8),
containing 0.1 M MgClg and 20% (v/v) glycerol.
The DNA-cellulose column was equilibrated with the above buffer
at room temperature overnight.

The sample was slowly run onto the

column, and allowed to equilibrate with the DNA-cellulose for 15
minutes.

The column was then eluted with three buffers of increasing

ionic strength using 25 ml of each buffer and collecting 5 ml-fractions.
Buffer A.

0.01 Mpotassium phosphate (pH 6.8), containing 0.1 M
MgClg and 20% (V/v):glycerol.

Buffer B.

0.01 Mpotassium phosphate (pH 6.8), containing 0.4 M
NaCl and 20% (v/v) glycerol.

Buffer 0.

0.01 Mpotassium phosphate (pH 6.8), containing 0.7 M
NaCl and 20% (v/v) glycerol.

The fractions containing the enzyme were pooled and designated
as Fraction V I I I .
ments.

This fraction was used for the replication experi

Fraction V III was stored in 1.0 ml aliquots at -20°C.

The

column was regenerated by passing through 50 ml of the above buffer
A and then stored at 4°C.
Protein Determination
Protein determination was done according to the method of Lowry
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(36) as modified by M iller (37).

The following reagents are freshly

prepared:
1. Folin-Phenol reagent.

Dilute 5 ml of Folin-Phenol reagent (Fisher

Scientific) with 50 ml of d is tille d water.
2. Copper reagent. Mix 1 ml

of 1% copper sulfate,

1ml of 2% sodium/

potassium ta rtra te , and 20 ml of 10% sodium carbonate in 0.5 M
NaOH.
The procedure is as follows:
To 1 ml of sample 1 ml of the copper reagent is added.
mixing,the solution is allowed to stand 10 minutes
ture.

After

at room tempera

Three ml of diluted Folin-Phenol reagent are added with

immediate mixing.

The tube is heated for 10 minutes at 50°C.

After

incubation the tube is allowed to cool for 10 minutes and the
absorbance is measured at 540 nm.

A standard curve was prepared using

a set of,bovine serum albumin (BSA) standard solutions at concentration
levels of 50, 100, 150 and 200 pg/ml.

Reagents
Growth of the cells:

Trypticase (BBL)
Yeast extract (Difco)
Bactoagar (Difco)
0.01 M Tris buffer (pH 7 .4 ), containing 0.01 M
magnesium acetate and 0.06 M NH^Cl

Isolation of DNA
polymerase:

0.05 M Glycylglycine buffer (pH 7 .0 ), contain
ing 0.002 M EDTA and 0.002 M glutathione
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0.3 M Potassium phosphate buffer (pH 7.4 ),
containing 0.002 M EDTA and 0.01 M 2-Mercaptoethanol

0.01 M Potassium phosphate buffer (pH 6 .8 ),
containing 20% glycerol and either 0.4 or
0.7 M NaCl

0.01 M Potassium phosphate buffer (pH 6 .8 ),
containing 0.01 M MgClg and 20% glycerol

Dextran T-500 (Pharmacia), 20% Polyethylene
glycol 6000 (Baker), 30% Ammonium sulfate
(enzyme grade)

Sodium chloride (solid)
Assay of DNA
polymerase:

0.2 H Glycine buffer (pH 9 .0 ), containing
0.1 M MgClg

Calf thymus DNA (Worthington)

Poly(dA-dl), Poly(dG).Poly dC) (Miles
Laboratories)

[•^HldlTP (61 Ci/mmole),

[^H]dCTP (30
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Ci/mmole), (ICN)

Deoxynucleoside triphosphates: dATP, dGTP,
dTTP and dCTP, a ll as the sodium sa]t (Sigma)
Sodium pyrophosphate,saturated solution
Preparation of
DNA cellulose:

Cel lex N-1 (Gal Bioche?a)
0.001 M NaCl
Calf thymus DNA (Worthington)
Pancreatic DNAase

Protein Determination:

Phenol reagent (Fisher), 1% copper sulfate,
2% sodium/potassium ta rtra te , 10% sodium
carbonate, 0.5 N sodium hydroxide. Bovine
serum albumin (BSA)

Absence of interfering
enzymes :

Dowex-l-Cl-X-8 resin
0.2 M KCl-0.2 M HCl buffer (pH 2<0)

Poly(dA-dT) (Miles Laboratories)

dNTP, ['"HldATP, [""HldGIP, sodium sa.l:ts

Pre-coated TIC plastic sheets
(PEI-cellulose F 0.1 mm, Merk)
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Diotol (B & J)
Nature of the
products:

0.2 M Glycine buffer (pH 9.0) containing 0.1 M
MgClg, Poly(dA-dT) (Miles Laboratories)

Calf thymus DNA,l.mM,and 70% perchloric acid,
saturated potassium chloride solution,
Pre-coated TLC plastic sheets
(PEI-cellulose F 0.1 mm, Merk)
Diotol (B & J)
F id e lity of DNA
polymerase:

0.2 M Glycine buffer (pH 9 .0 ), containing
0.1 M MgClg
Poly(dA-dT) (Miles Laboratories)

Calf thymus DNA, sodium pyrophosphate
Cobalt Chloride, Benzidine hydrochloride,
2-Naphthylamine, Dimethylnitrosamine. Caffeine,
5-Fluorouracil, 6-Mercaptopurine, Choline,
2-Cl-ethyl ami ne, and Procai ne
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RESULTS AND DISCUSSION
Growth of the Cells
Absorbance values obtained during the growth of the cells are
shown in Table I and a typical growth curve is shown in Figure 3.
I t can be seen that, under the condition used, both organisms were
grown to the late log-early stationary phase.

The yield of cells

was approximately 8.5 g wet weight of cells per flask (4.0 lite rs
of medium).
Isolation of DNA Polymerase
A typical set of results is shown in Table I I .

The data were

generally sim ilar to those reported by Stenesh and McGowan (38).
Typical elution patterns, obtained with the DNA-cellulose column,
are shown in Figures 4 and 5.

I t can be seen that the bulk of the

protein (no enzymatic activity) is eluted with buffer A.

On the other

hand, the bulk of the enzyme is eluted with the f ir s t few fractions
using buffer C.

Usually Fractions 10-14, depending on the preparation,

were pooled to give Fraction V I II , which was used for the replication
experiments.
V alidity of the Misincorporation Data
Before proceeding with the actual experiments involving the
effects of carcinogens and anti cancer compounds on the f id e lity of
DNA polymerase, i t was essential to establish that the misincorporation
of [^H]dGTP with Poly(dA-dT) as a template did indeed represent true
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Table I .

Cell growth as a function of incubation time.

Time

B. licheniformis

B. stearothermophilus

(hours)

Absorbance

Absorbance

0
4

0.45

6

0.60

0.45

9

0.82

0.60

12

0.93

20

1.05

,

.

0.30

0.75
0.90
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0.9

0.7

0 .6

0.5

0.4

0.3

0 .2

4

0

6

9

12

20

Time (hours)
Figure 3.

Growth curves of the organisms.

0

2- licheniformis

gg

B. stearothermophilus
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Table I I .

Yield of DNA. polymerase (Fr V I II ) .

Organism

3.

Specific

Total

Total

Protein

Activity

Volume

A ctivity*

(mg/ml)

(units/mg)

(ml)______(units)

licheniformis

B. stearothermophi1us

0.07

*Using DNA as a template.
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errors in replication.
In order to establish this point, four different types of
experiments were carried out.
a)

Absence of Interfering Enzymes.
The basic reaction mixture was set up as described under

Materials and Methods, except that the polynucleotide template was
deleted and replaced by 100

water.

After incubation, 0.7 ml of 0.2 M dibasic sodium phosphate was
added, the mixture was well stirred and then centrifuged at 100 x
g for 10 minutes at 4°C, using u ltra filtra tio n membrane cones
(Centriflo, Amicon Corp.) to remove the protein.
The f il t r a t e was collected and applied to a (5 cm x 1 cm) Dowexl-C l-X -8 column (chloride form).

After the sample had been applied,

the column was washed with 10 ml of water. This removes the glycerol
present in the enzyme preparation.

This wash was discarded.

The nucleotide was eluted from the column with 0.2 M HCl-0.2 M
KCl buffer and fractions of 6-8 ml were collected.
Following the removal of the glycerol, fractions 1-10 were pooled.
The residue, which contained a lo t of salt, was dissolved in ethanol
(10 ml) in which most of the salt was insoluble.

The ethanol solution

was decanted, placed in a conical glass-stoppered centrifuged tube
(13 ml) and evaporated to dryness.
The residue was dissolved in 0.5 ml of ethanol and a portion
of i t (100 p&) was spotted on a thin layer chromatography sheet Cpoly(ethyleneimine) cellulose] using an automatic spotter (ALS Analytical
Instrument Specialties).

A standard mixture of the four unlabeled
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dNTP's was run concurrently with the sample; 20

of this mixture

were spotted.
The sheet was placed in a rectangular tank containing 200 ml
of 0.85 M KHgPO^ (pH 3.4) and developed for one hour as described
by Cashel (39).

After development, the sheet was removed, dried,

and the spots were marked under UV ligh t (short wavelength).
TLC lane of a given sample was divided into three zones.

The

These were

cut out, cut into small pieces, and placed in scin tilla tio n vials.
S c in tillatio n flu id (15 ml of Diotol) was added and the radioactivity
was allowed to leach out from the TLC sheet over a period of several
hours before the vials were counted.
Prior to adopting the above technique, an attempt was made to
remove the glycerol by dialyzing the enzyme preparation, but dialysis
led to a loss of a c tiv ity .

Also, treatment of the enzyme preparation

with Sephadex G-25 resulted in only partial removal of the glycerol.
I t was essential to remove the glycerol prior to the thin layer chroma
tography.

In the presence of glycerol, the solution has a high

viscosity and separation of dNTP' s by TLC is not feasible since the
compounds cannot migrate away from the origin.
Results of the ion exchange chromatography on Dowex-1-Cl-X-8
are shown in Tables I II - V .

I t is apparent that the bulk of the applied

radioactivity was eluted in fractions 3 through 8.
fu ll recovery, fractions 1-10 were pooled.

However, to assure

I t can be seen from Table

V that there was no loss of labeled material during the ion exchange
chromatography.
Results of the thin layer chromatography on poly(ethyleneimine)
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Table I I I .

Dowex-1-Cl-X-8 column chromatography; ra d io a c tiv ity
eluted (DPM); B. lich e n ifo rm is.
Fraction

[^H]-dATP

C^H]-dGTP

1

10,440

1,020

2

19,593

4,260
103,560

3

19,500

4

233,919

90,120

5

202,605

119,760

6

230,850

. 49,440

7

60,540

33,180

8

37,315

34,500

9

15,280

18,840

10

7,680

-

11

-

—

12

-

-

13

-

-

14

—

-

15

—

—
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Table IV.

Dowex-1-Cl-X-8 column chromatography; ra d io a c tiv ity
eluted (DPM); B. stearothermophilus.
Fraction

[^H]-dATP

[^H]-dGTP

1

4,550

1,140

2

16,200

4,260

3

30,120

95,700

4

230,640

79,380

5

217,260

159,120

5

141,780

. 44,540

7

50,040

34,380

8

26,220

38,400

9

10,740

19,920

10

9,540

11

—

-

12

-

—

13

—

—

14

-

-

15

—

—

120
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Table V.

Dowex-1-Cl-X-8 column chromatography.
B. licheniformis

B. stearothermophilus

Radioactivity
applied (DPM)

907,775

593,740

837,722

454,680

92.3

76.6

.814,240

598,680

Radioactivity
recovered F r(l-lO )

% Recovery

.

737,100

90.5

477,060

79.7
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cellulose (PEI-cellulose) are shown in Tables VI and V II.
sample three zones were cut out from the TLC lane.

For each

Zone A corresponds

to the spot of dNTP used. Zone B represents the segment of the lane
below Zone A (smaller Rf value) and Zone C represents the segment
of the lane ahead of Zone A (greater Rf value).
I t is apparent from Table VI that essentially a ll of the radio-

mophilus, 92.4% for [^H]dATP with 0.49% total impurities and 93.7%
for [^H]dGTP with 1.04% total impurities.

I t follows that, any incorpo

ration subsequently observed during the replication experiments must
represent true incorporation of the added labeled dNTP.

The possi-

mixture, i t was deaminated and converted to [ H]dATP f ir s t and then
incorporated as i f i t had been [^H]dATP in the presence of a poly
(dA-dT) template must represent true misincorporation.

Moreover,

i t is apparent that the added dNTP was stable under the conditions
of incubation and did not undergo enzymatic or non-enzymatic hydrolysis.
The added DPM, in the form of either [^H]dATP or C^HjdGTP, were avail
able as such for the DNA polymerase.
from both organisms,

Thus the enzyme preparations

licheniformis (Table VI) and B. stearother

mophilus, (Table V II) , did not contain any interfering enzymes, such
as nucleases, transferases, etc.
b)

Nature of the Reaction Product.
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Table VI.

TLC on PEI-cellulcse;
B. licheniformis.
Nucleotide

Applied

[^H]-dATP

(DPM)

Recovered

Recovery

(DPM)

%

Zone A

122,579

93.1

Zone B

431

Zone C

235

Sample

131,565

Total

0.33
0.18

123,245

93.5

Zone A

77,020

93.2

Zone B

653

Zone C

618

C^H]-dGTP

Sample

Total

82,577

78,301

0.80
0.75
94.8
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Table V II.

TLC on PEI-cellulcse;
stearothermophi1us.

Nucleotide

Applied

[^H]-dATP

(DPM)

Sample

Recovered
(DPM)

Recovery
%

134,684

Zone A

124,476

Zone B

375 .

Zone C

280

Total

92.4
0.28
0.21

125,031

92.9

Zone A

84,787

93.7

Zone B

614

Zone C

329

Sample

Total

90,462

85,730

0.68
0.36
94.7
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For this experiment, the basic reaction mixture described under
Materials and Methods was used.
After incubation, the reaction was stopped and the product
isolated on the f i l t e r paper using the standard assay procedure.
After washing with 1% trichloroacetic acid, the f i l t e r papers were
air dried, cut into small pieces and placed in a 15 ml glass stoppered
centrifuge tube.

One ml of 70% HCIO^ was added and the mixture was

incubated for one hour at 100°C to hydrolyze the product.
After incubation the tube was cooled and then centrifuged at
500

X

g for 15 minutes at 4°C.

The supernatant was collected (1.0

ml) and treated with 2.4 ml of saturated KCl in order to precipitate
the CIO^ ions.

The mixture was then centrifuged as above and the

supernatant was collected.
Two aliquots (100

each) were removed from the supernatant.

One aliquot was placed in a scin tilla tio n vial together with 15 ml
of diotol and counted.
TLC sheet.

The other aliquot was spotted on a PEI-cellulose

The TLC sheet was developed with methanol: conc. HCliHgO

(65:17:18 v/v) as described by Keck and Hagen (40) and then examined
under UV lig h t (Chromatoview Model CC-IOV, U ltraviolet Products, In c.).
The spots of UV-absorbing material were marked, cut out, cut
up into small pieces and placed in s c in tilla tio n vials .

Scintillation

flu id (15 ml diotol) was added and the vials were counted.
A copy of an actual TLC sheet is shown in Figure 6.

I t can

be seen that all four bases were well separated in this system.

By

comparing the DPM in the unchromatographed aliquot with the DPM in
the spots on the TLC sheet i t was possible to determine the fraction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

_ Or igin.

Figure 6.

Representative TLC sheet showing the separation of the
four bases.
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of label in the DNA present in a given base.

These data are summar

ized in Tables V III and IX.
The total number of DPM is much smaller than in the previous
experiment due to the fact that this procedure entailed a sizeable
number of steps with probable loss of material at each step.

I t can

be seen that the recovery of the applied radioactivity ranged from
about 75-95%.

Tne lower figure may be a result of incomplete leaching

out of the labeled material from the cellulose matrix.
Despite the low counts and the less than complete recovery,
the data clearly show that in each case the added [^H]dNTP could be
recovered from the product in only the form of the corresponding

These data extend the findings of the previous experiment (part
a) in that they show that an added [^H]dNTP is incorporated into the
product and in precisely that form;

that there are no interfering

enzyme activitie s and that in the presence of the template, dATP is
incorporated as dAMP and dGTP is incorporated as dGMP.
The data in Tables V III and IX show that correct nucleotides
are incorporated into acid insoluble product (using enzymes from both
microorganisms) and can be recovered in the form of the corresponding
bases.

Unfortunately, i t was not possible to carry out the same experi

ments with the incorrect nucleotides [ i . e . , [^H]dATP with
Poly(dG).Poly(dC), and [^H]dGTP w
low levels of detectable counts.
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Table V I II .

Nature of the reaction product; B. licheniformis.

Substrate/Template

Applied

Recovered

(DPM)

(DPM)

Recovery
%

C^H3-dATP/Poly(dA-dI)

Sample

Zone A

3,955

2,988

75.0

3,017

75.7

Zone B
Zone C
Origin
Total

[•^H]-dGTP/Poly(dG) .Poly(dC)

Sample

Zone A

91

5.3

Zone B

1,600

93.3

1,691

98.6

Zone C
Origin
Total
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T a b le IX .

N atu re o f th e r e a c tio n p roduct; B. s te a ro th e rm o p h ilu s .

Substrate/Tempi ate

Applied

Recovered

(DPM)

(DPM)

Recovery
%

[•^H]-dATP/Poly(dA-dT)

Sample

1,860

Zone A

1,725

Zone B

42

Zone C

92.7
2.25
0.43

Origin
Total

1,775

95.4

[•"H]-dGTP/Poly(dG).Poly(dO

Sample

Zone A
Zone B
Zone C
Origin
Total
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c) Requirements of the Reaction.
For this experiment the basic reaction mixture was used with
deletion or modification of a specific component.

I f a component

was deleted, the volume was made up with water.
For each enzyme preparation and template the experiment was
run once using the correct [^H]dNTP and once using the incorrect
C^H]dNTP.

In other words, a comparison was made of the requirements

of the reaction for the incorporation of a correct and an incorrect
nucleotide.

The results are shown in Tables X and XI.

The data clearly show that the requirements of the reaction
were identical for the incorporation of a correct dNTP and the incor
poration of an incorrect dNTP.

This was true for either template.

These results provide strong evidence that the mechanism of incorpor
ation is the same for the correct and incorrect nucleotide.

The

possibility, for example, that the incorrect dNTP is not really
properly incorporated into the new DNA but rather used to extend an
existing strand, appears unlikely.

Sim ilarly, the possibility that

the incorrect dNTP is being polymerized into a homopolynucleotide
(de novo synthesis) apart from and not connected to the template,
appears to be ruled out.
Thus the incorporation of both the correct and the incorrect
dNTP appears to represent aspects of the same reaction mechanism,
so that any incorporation of an incorrect dNTP can be taken to
represent true misincorporation during replication.
d)

Kinetics of Incorporation.
For these experiments, the basic reaction mixture was used with
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T a b le X.

In c o r p o ra tio n o f r a d io a c t iv it y (DPM) o f c o rre c t and
i n c o r r e c t n u c le o tid e using a P o ly (d A -d T ) te m p la te .

Incubation Mixture

B. licheniformis
C^H]-dATP

Complete system

stearothermophilus
[^H]-dATP

[^H]-dGTP

106,168

965

.61,303

428

103

316

385

260

— Enzyme
— Template
- C^H]-dNTP*

C^H]-dGTP

115
-

241
-

335
—

90
-

- Mg^""

265

272

388

143

+ Heated enzyme**

356

254

409

80

*Minus three unlabeled nucleotides.
**Enzyme was heated for 10 minutes at 1G0°C.
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T a b le X I .

In c o rp o r a tio n o f r a d i o a c t i v i t y (DPM) o f c o rre c t and

incorrect nucleotide using a Poly(dG).Poly(dC) template.
Incubation Mixture

B. licheniformis
[^H]-dATP

Complete system

£. stearothermophilus

[^H]-dGTP

[^H]-dATP

[^H]-dGTP

45,736

1,448

11,646

959

- Enzyme

387

296

72

142

— Template

443

386

81

- [^H]-dNTP*

-

-

.

-

350
—

- Mg^""

440

219

100

156

+ Heated enzyme**

464

298

190

130

*Minus three unlabeled nucleotides.
**Enzyme was heated for 10 minutes at 100°C.
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two modifications.

In one set of experiments the incubation time

was varied, using 0, 2, 5, 10, 15 and 30 minutes of incubation.

In

another set of experiments, the amount of enzyme was varied, using
0, 10, 20, 30 and 50

of Fraction V III.

For both sets of experiments, the incorporation was measured
once using the correct dNTP and once using the incorrect dNTP.

The

results are shown, for the f ir s t set of experiments, in Tables X II,
X III, and Figures 7 to 10.

The results for the second set of experiments

are shown in Tables, .XIV, XV,and Figures 11 to 14.

All the data

represent averages of duplicate determinations.
I t can be seen from Figures 7 through 14 that there is excellent
correlation between the incorporation of the correct dNTP and the
incorrect dNTP.

This is true for both templates [Poly(dA-dT) and

Poly(dG).Poly(dC)] and for both variables studied (incubation time
and enzyme concentration).

The extent of incorporation of the

incorrect dNTP is of course much less than that of the correct dNTP,
but the course of incorporation appears to be identical.

There is

no apparent lag in incorporation, there is lin e a rity at low incubation
times and as a function of enzyme concentration, and there is a level
ing o ff of incorporation at about 30 minutes.

This identity in incor

poration pattern strongly suggests a similar mechanism and provides
support for the assertion that the incorrect dNTP is incorporated
into the new DNA much as the correct dNTP is incorporated.
In conclusion, then, the four experiments performed to ascertain
how valid the misincorporation data are, a ll provide very strong
support for the notion that the incorporation observed does indeed
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T a b le X I I .

In c o r p o r a tio n o f r a d io a c t iv it y

(DPM) o f c o rre c t and

i n c o r r e c t n u c le o tid e as a fu n c tio n o f tim e using a
P o ly (d A -d T ) te m p la te .

Time
(minutes)

0

IB. licheniformis
[^H]-dATP

-

stearothermophi 1us

C^H]-dGTP

-

[^H]-dATP

-

[^H]-dGTP

"

2

27,148

79

13,409

32

5

57,937

305

23,452

114

10

91,245

595

36,157

152

15

107,602

716

47,949

219

30

129,646

898

63,261

389
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T a b le X I I I .

In c o r p o r a tio n o f r a d io a c t i v i t y (DPM) o f c o r r e c t and
in c o r r e c t n u c le o tid e

as a fu n c tio n o f tim e using a

P o ly (d C ).P o ly (d G ) te m p la te .

Time
(minutes)

0

B. licheniformis
[•^H]-dGTP

-

B. stearothermophilus

[^H]-dATP

-

['^H]-dGTP

-

[^H]-dATP

—

2

17,127

76

1,232

36

5

29,271

225

2,651

110

10

43,175

419

4,642

279

15

51,084

694

7,029

455

30

63,856

1,020

10,043

767
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of time using a Poly(dA-dT) template.
(a) B. licheniformis, [^H]-dATP.
(b) B. licheniformis, [^H]-dGTP.
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of time using a Poly(dG).Poly(dC)
Template.
(a) B^. licheniformis, [^H]-dGTP.
(b) B. licheniformis, [^H]-dATP.
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of time using a Poly(dA-dT) template.
(a)

stearothermophi1us, [^H]-dATP

(b) 2- stearothermophi1us, [^H]-dGTP
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of time using a Poly(dG).Poly(dC)
template.
(a)

stearothermophi lus, [^H]-dGTP

(b)

stearothermophi1us, [^H]-dATP
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T a b le X IV .

In c o r p o r a tio n o f r a d i o a c t i v i t y (DPM) o f c o r r e c t and
in c o r r e c t n u c le o tid e as a f u n c tio n o f th e amount o f
enzyme using a P o ly (d A -d T ) te m p la te .

Enzyme
(n&)

_B. licheniformis
[^H]-dATP

[^H]-dGTP

£. stearothermophi1us
[^H]-dATP

C^H]-dGTP

10

22,394

227

25,040

56

20

39,920

356

38,538

186

30

61,039

499

59,661

238

50

93,132

747

86,731

345
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T a b le XV.

In c o r p o r a tio n o f r a d io a c t i v i t y

(DPM) o f c o r r e c t and

i n c o r r e c t n u c le o tid e as a fu n c tio n o f th e amount o f
enzyme using a P o ly (d A -d l) te m p la te .

Enzyme
(nA)

£ . licheniformis
[^H]-dGTP

stearothermophi1us

[^H]-dATP

10

16,146

309

3,342

195

20

30,123

438

5,594

338

30

49,051

720

7,845

428

50

67,820

941

11,172

713
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of the amount of enzyme using a
Poly(dA-dT) template.
(a)

licheniformis, [^H]-dATP.

(b) £. licheniformis, [^H]-dGTP.
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of the amount of enzyme using a
Poly(dG).Poly(dC) template.
(a)

licheniformis, [^H]-dGTP.

(b) B. licheniformis, C^H]-dATP.
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of the amount of enzyme using a
Poly(dA-dT) template.
(a)

stearothermophi1us, [^H]-dATP

(b) B. stearothermophilus, [^H]-dGTP
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Incorporation of radioactivity (DPM) of correct and incorrect
nucleotide as a function of the amount of enzyme, using a.
Poly(dG).Poly(dC) template.
(a) B. stearothermophilus. [^H]-dGTP.
(b) B. stearothermophilus, [^H]-dATP.
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represent true misincorporation (Tack of f id e lity , errors in incorpora
tion) and does not represent some other kind of process.

These results

fu lly support the same conclusion reached e a rlie r by McGowan (38)
by performing some other, more preliminary and less conclusive types
of experiments.
Fidelity of DNA Polymerase
a)

Control experiments.
Before assessing the possible effects of carcinogens and anti-

cancer compounds on the fid e lity of DNA polymerase, i t was necessary
to

establish clearly the base level of fid e lity in the absence of

such compounds.
In Table XVI are listed the incorporation data using three
different templates.

I t is apparent that Poly(dA-dT) is a much more

effective template than either calf thymus DNA or Poly(dG).Poly(dC).
The extent of misincorporation is greater with Poly(dG).Poly(dC) than
with Poly(dA-dT).

Since the total counts are so small with the former,

all subsequent experiments were performed with the Poly(dA-dT)
template.

The choice of this template was also based on the results

of the previous section, which indicated that there were no s ig n ifi
cant differences in using either template, other than the greater
extent of incorporation with Poly(dA-dT).

Zero time control experi

ments in which 1 M HCIO^ was added to the reaction mixture prior to
the addition of the enzyme showed no incorporation (no DPM found).
Ideally the incorporation of dTTP with the Poly(dA-dT) template
should equal that of dATP.

In practice, there are differences as
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T a b le X V I.

In c o rp o ra tio n o f r a d io a c t i v i t y (DPM) o f c o r r e c t and
in c o r r e c t n u c le o tid e using d i f f e r e n t te m p la te s .

B^. licheniformis

Template

Calf thymus DNA
Poly(dA-dT)
Poly(dG).Poly(dC)

B. stearothermophilus

[^H]-dATP

[^H]-dGTP

C^H]-dATP

[^H]-dGTP

(DPM)

(DPM)

(DPM)

(DPM)

Not tested

55,435

Not tested

37,588

113,538

721

74,318

400

835

51,201

1,111

15,938
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already reported by McGowan (38).

Hence, to evaluate misincorporation,

i t is necessary to relate the incorporation of the incorrect dNTP
to the total incorporation of both correct dNTP's.

b)

Accordingly, in

Effects of Carcinogens.
As mentioned in the introduction, both carcinogens and anticancer

compounds were selected to represent different classes of compounds.
Additionally, the compounds had to meet one other criterion and that
is , th e ir so lu b ility in water must have been adequate so that reason
able concentrations of the compounds could be tested.

The carcinogens

selected are listed by name, formula and class in the following
information sheet.

These compounds have all been shown to be carcin

ogenic by the Ames te s t.
Stock aqueous solution of these compounds were made up having
concentrations of 0.06 mM, 6.0 mM and 600 mM, except for benzidine
and 2-naphthylamine where the most concentrated stock solution had
a concentration of 198 mM and 96 mM, respectively.

In all cases, 50

ps. of stock solution were used in the basic reaction mixture in place
of the water.'

Each reaction mixture contained a ll four dNTP' s with

one being labeled.
An attempt was made to run the experiments with the carcinogens
as close as possible to those with the anti cancer compounds so that
the enzyme preparation for both sets of experiments would be as
comparable as possible.
All the data represent averages of duplicate determinations.
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CARCINOGENS
Formula

Cobalt Chloride

CoCly6H.O

Polycyclic aromatic
hydrocarbon

2-Naphthylamine

Dimethyl nitrosami ne

^
CH,

Benzidine
hydrochloride

Caffeine

Heavy metal ion

N— NO

Aliphatic
nitrosoamine

NHa2HC1

Aromatic

Alkaloid
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The results of these experiments are summarized in Table XVII
for the enzyme from

licheniformis and in Table XVIII for the enzyme

from 2- stearothermophilus.

All the results have been normalized

to a nominal activity of 1.0 x 10® DPM placed i n it ia lly in the reaction
mixture.

This was done by counting an aliquot of the [®H]dNTP solution

(identical to the aliquot used in the reaction mixture), calculating
the appropriate factor 1.0 x 10® DPM/DPM of aliquot and multiplying
a ll the observed DPM by this factor.

Normalization allows a direct

comparison between tubes that had different in it ia l numbers of DPM.
From these data one can calculate the percent of inhibition
of the incorporation of the correct dNTP.

As an example, consider

the incorporation in the presence of 100 mM Cobalt chloride (definition
of DPM CoClg; DPMj. qqi

= DPM found in the assay using CoClg):

% Inhibition

DPM.
= 100 -

X 100

of Incorporation

1,626
X

109,795

100 = 99.4%

+ 147,901

Likewise, the percent of misincorporation is calculated as follows:
% Misincorporation

DPM CoCl.

■P

^™dTTP^

619
X

109,795

100

=

.24%

+ 147,901
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T a b le X V II .

E f f e c t o f c a rcin o g en s on n u c le o tid e in c o r p o r a tio n ( DPM) u sing a P o ly ( dA -d T) te m p la te and
l ic h e n ifo r m is DNA polym erase.

Control*

Concentration
(mM)

[^H]-dATP

C^H]-dTTP

-

109,795

147,901

Cobalt

2-Naphthyl-

Chloride
-

--

Dimethyl n i-

Benzidine

trosamine

hydrochloride

--

-

Caffeine
--

0.01

51,429

39,060

63,709

38,972

14,844

1.0

39,988

21,483

46,576

16,649

18,317

1,626

1,200

32,314

1,557

6,834

--

--

--

--

100.
[^H]-dGTP
1,510

-

-

0.01

731

554

501

515

376

1.0

628

561

553

657

431

619

459

557

679

576

100.

*Control refers to the complete system without any carcinogen.

The DPM in the non-control tubes represent

the incorporation of C^H]-dATP in the upper part of the table and the incorporation of [^H]-dGTP in
the lower part of the table.

Table X V I I I.

E ffe c t o f carcinogens on nucleo tid e in co rp o ratio n (DPM)usingaPoly(dA-dT) tem plate and
stearotherm ophilus DNA polymerase.

Concentration
(mM)
--

Control*
[^H]-dATP

[^H]-dTTP

71,477

107,402

Cobalt

2-Naphthyl-

Dimethyl ni- Benzidine

Chloride

amine

trosamine

—

—

—

hydrochloride Caffeine
—

--

0.01

32,627

24,412

42,050

24,854

22,967

1.0

18,074

8,585

32,165

11,391

13,763

1,497

1,389

23,649

1,223

5,182

--

--

--

--

100.
C^H]-dGTP
551

--

--

0.01

365

362

141

328

1.0

298

287

284

289

259

491

275

302

373

352

100.

*Control refers to the complete system without any carcinogen.
[^h:
the lower part of the table.

257

The DPM in the non-control tubes represent

65
These c a lc u la t io n s a re summarized in T ab les XIX and XX.

It

can be seen t h a t an in c re a s e in carcinogen c o n c e n tra tio n le d to an
in c re a s e in th e p e rc e n t o f i n h ib it io n o f c o r r e c t dNTP in c o r p o r a tio n .

This was true in a ll cases (with the possible exception for the 1.0 mM
caffeine solution) and for both organisms.

Generally speaking, the

level of inhibition was the same for the mesophile and the thermophile.
Results for the misincorporation were not as clean cut.

In

some cases the extent of misincorporation increased with increasing
concentration of the carcinogen; in other cases i t actually decreased
with increasing concentrations of the carcinogen. Either trend was
consistent over the concentration range used, with the possible excep
tion for the 1.0 mM benzidine solution.
Compared to the controls, the addition of carcinogens actually
led to a decrease in the misincorporation ( i . e . , to an increase in
the f id e lity of the enzyme).
When the incorporation data for the two organisms are compared,
a number of interesting results can be discerned:
F irs t, the misincorporation of the control system was greater
for the mesophiles than for the thermophiles.

This agrees with pre

vious findings from this laboratory (38).
Second, in all but one case (cobalt chloride) the extent of
misincorporation in the presence of a carcinogen was greater for the
mesophiles than for the thermophiles.

In other words, the addition

of a carcinogen did not alte r the basic pattern that the mesophilic
system shows greater misincorporation than the thermophilic system.
Third, with the exception of cobalt chloride, increasing concen-
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T a b le X IX .

I n h i b i t i o n o f in c o r p o r a tio n and e x t e n t o f m is in c o rp o ra tio n in th e presence o f carcin o g en s
u sin g a P o ly (d A -d T ) te m p la te and B. lic h e n if o r m is DNA polym erase.

Carcinogen

Inhibition of [^H]-dATP Incorporation

Misincorporation of [^H]-dGTP

%
Concentration (mM)

0.01

1.0

Cobalt Chloride

80.0

2-Naphthylamine

84.8

Dimethyl ni trosami ne

75.3

%
100.

0.01

1.0

100.

84.5

99.4

0.284

0.244

0.240

91.7

99.5

0.215

0.218

0.178

81.9

87.5

0.194

0.215

0.216

Benzidine hydrochloride

84.9

93.5

99.4

0.200

0.255

0.263

Caffeine

94.2

92.9

97.3

0.146

0.167

0.224

Control

0

0.586

T a b le XX.

^

I n h i b i t i o n o f in c o r p o r a tio n and e x te n t o f m is in c o rp o ra tio n in th e presence o f carcin o g en s,
u s in g a P o ly (d A -d T ) te m p la te and
s te a ro th e rm o p h ilu s DNA polym erase.

Carcinogen

Inhibition of [^H]-dATP Incorporation

m

1
Q

Misincorporation of [^H]-dGTP

%

a

%

Concentration (mM)

0.01

1.0

100.

0.01

Cobalt Chloride

81.8

89.9

99.2

0.204

0.167

0.274

2-Naphthylamine

86.4

95.2

99.2

0.202

0.160

0.154
0.169

1.0

100.

1

Dimethyl n itrosamine

75.5

82.0

86.8

0.079

0.159

Ti

Benzidine hydrochloride

86.1

93.6

99.3

0.183

0.162

0.209

^

Caffeine

87.2

92.3

97.1

0.144

0.145

0.197

1
I

Control

c

0

0.364

tration of carcinogens led either to an increase or to a decrease
in misincorporation in both bacterial systems.

Cobalt chloride on

the other hand, led to a decrease in misincorporation (increase in
fid e lity ) in the\B. licheniformis system, but led to an increase
in misincorporation (decrease in fid e lity ) in the

stearothermophi1us

system.
Since the DPM have a ll been normalized the percentages of misin
corporation are directly convertible to error rates.

Thus, a misin

corporation of 0.283% for the 0.01 mM CoClg solution represents an
error rate of 1/352.

These error rates are summarized in Table XXI.

Another way of evaluating the data involves a comparison of
the extents of inhibition produced by the carcinogens at the three
different concentrations.

Doing th is , the compounds can be arranged

in a series with the most potent carcinogen on the le ft and the least
effective carcinogen on the rig h t.
XXII.

The results are shown in Table

Parentheses indicate that these compounds were tested at a

lower concentration than the nominal 100 mM value.

I t is apparent

from Table XXII that benzidine and cobalt chloride are the most potent
carcinogens, both with respect to th eir effect on the incorporation
of a correct dNTP and th e ir effect on misincorporation.

I t is interest

ing to note that, by and large, the order of carcinogenic potency
parallels the order of hydrogen bond forming a b ility ,
c) Effect of Anti cancer Compounds:
As mentioned above, these compounds were selected to represent
different classes of compounds and must have had adequate solubility
in water.

The compounds have all been used in the treatment of various
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Table XXI.

Error Rates.

B. stearothermophilus

B. licheniformis

Carcinogen
Concentration (mM)

0.01

1.0

100.

0.01

1.0

100.

Cobalt Chloride

1/352

1/410

1/417

1/490

1/599

2-Naphthylamine

1/465

1/459

1/562

1/495

1/625

1/649

Di methyl ni trosami ne

1/515

1/465

1/463

1/1266

1/629

1/592

benzidine hydrochloride

1/500

1/392

1/380

1/546

1/617

1/478

Caffeine

1/685

1/599

1/446

1/694

1/690

1/508

Control

1/171

1/275

1/365
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cancers.

The anti cancer compounds selected are listed by name, formula

and class in the following information sheet.
Stock aqueous solutions of these compounds were made up to have
concentrations of 0.06 mM, 6.0 mM and 600 mM, except for 5-Fluorouracil
and 6-Mercaptopurine, where the most concentrated stock solution had
a concentration of 250 mM and 300 mM, respectively.
50

In a ll cases,

of stock solution were used in the basic reaction mixture in

place of the water.

Each reaction mixture contained all four dNTP' s

with one being labeled.
An attempt was made to run the experiments with the anticancer
compounds as close as possible to those with the carcinogens so that
the enzyme preparation for both sets of studies would be as comparable
as possible.

All the data represent averages of duplicate

determinations.

All of the results have been normalized to 1 x 10® DPM

placed i n it ia lly in the reaction mixture using the procedure discussed
in part (b).
The results of these experiments are summarized in Table XXIII
for the enzyme from l|. licheniformis and in Table XXIV for the enzyme
from 2" stearothermophi1us.
The percent inhibition of incorporation and the percent misin
corporation were calculated from these data as before.
are given in Tables XV and XXVI.

These results

The error rates are given in Table

XXVII.
I t can be seen from Tables XXV and XXVI that the effect of the
anti cancer compounds on the incorporation of the correct nucleotide
was identical in the mesophilic and the thermophilic system.

This

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ANTICANCER COMPOUNDS
Formula

5-Fluorouracil

Pyrimidine
antagoni st

6-Mercaptopurine

Purine antagonist

Choline

2-Cl-Ethyl ami ne

N— CH^-CH^OH

CHg— CHg— NHg'HCl

Methyl group acceptor

Alkylating agent

Cl

Procaine

H„N-^^"^^-C O O ^CHg-£H^^N{CgHg)g

Alkaloid^
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T a b le X X I I I .

E f f e c t o f a n tic a n c e r compounds on n u c le o tid e in c o rp o ra tio n (D P M )u s ih g a P o ly (d A -d T )
te m p la te and B^. lic h e n ifo r m is DNA P o lym erase.*..

Control

Concentration
(mM)
-

[^H]-dATP

[^H]-dTTP

105,749

145,394

5-Fluoro-

6-Mercapto

uracil

purine

-

-

2-Cl-EthylCholine

Procaine

--

—

0.01

87,880

68,123

81,973

72,078

73,820

1.0

85,091

79,183

77,820

68,911

63,720

89,239

88,591

74,454

39,122

49,201

• 1,262

100.
C^H]-dGTP
1,287
0.01

1,200

977

1,192

818

1.0

1,167

1,086

1,218

974

1,281

1,165

1,105

1,263

1,026

1,315

100.

*s e e fo o tn o te t o T a b le X V II.

T a b le X X IV .

E f f e c t o f a n tic a n c e r compounds on n u c le o tid e in c o r p o r a tio n (DPM) u sing a P o ly (d A -d l)
te m p la te and
s te a ro th e rm o p h i1 us DNA P o ly m e ra s e .*.

Control

Concentration
(mM)

C^H]-dATP
70,995

-

[^H]-dTTP
109,644

5-Fluoro-

6-Mercapto-

uracil

purine

Choline

—

-

—

2-Cl-EthylProcaine
--

--

0.01

54,075

37,090

52,583

36,937

1.0

55,330

51,685

47,095

36,886

41,483

56,993

67,844

43,829

22,897

34,076

100.

46,215

C^H]-dGTP
614
0.01

374

347

423

456

1.0

442

395

474

505

551

456

441

466

608

505

100.

*s e e fo o tn o te to T a b le X V II.

•

508

T a b le XXV.

I n h i b i t i o n o f in c o r p o r a tio n and e x te n t o f m is in c o rp o ra tio n in th e presence o f a n tic a n c e r
compounds u sing a P o ly (d A -d T ) te m p la te and
s te a ro th e rm o p h ilu s DNA Polym erase. .

Anti cancer Compound

Inhibition of [^H]-dATP Incorporation

Misincorporation of [^H]-dGTP

%

%

Concentration (mM)

0.01

1.0

100.

0.01

1.0

5-Fluorouracil

70.1

69.4

68.5

0.207

0.245

0.252

6-Mercaptopurine

79.5

71.4

62.4

0.192

0.219

0 .244

100.

Choline

70.9

73.9

75.7

0.234

0.262

0 .258

2-Cl-Ethyl ami ne

79.6

79.6

87.3

0.252

0.280

0.337

Procaine

74.4

77.0

81.1

0.281

0.305

0.280

Control

0

0.340

T a b le X X V I.

Anti cancer Compound

In h i b i t i o n o f in c o rp o ra tio n and e x te n t o f m is in c o rp o ra tio n in th e presence o f
a n ti can cer compounds, using a P o ly (d A -d T ) te m p la te and B. lic h e n if o r m is DNA
P olym erase. ,

Inhibition of C^H]-dATP Incorporation

Misincorporation of C^H]-dGTP

%
Concentration (mM)

0.01

1.0

%
100.

0.01

1.0

100.

5-Fluorouracil

65.0

66.1

64.5

0.478

0.465

0.464

6-Mercaptopurine

72.9

68.5

64.7

0.389

0.432

0.440

Choline

67.4

69.0

70.4

0.475

0.485

0.503

2-Cl-Ethyl ami ne

71.3

72.6

84.4

0.326

0.389

0.409

Procaine

70.6

74.6

80.4

0.503

0.510

0.524

Control

0

0.512

Table XXVII.

Error Rates.

B. licheniformis

Anti cancer Compounds
Concentration (mM)

0.01

B. stearothermophilus

1.0

100.

0.01

1.0

100.

5-Fluorouracil

1/209

1/200

1/216

1/483

1/408

1/397

6-Mercaptopurine

1/257

1/231

1/227

1/521

1/457

1/410

Choline

1/211

1/215

1/199

1/427

1/382

1/388

2-Cl-Ethyl ami ne

1/307

1/257

1/245

1/397

1/357

1/297

Procaine

1/199

1/196

1/191

1/356

1/328

1/357

V

Control

1/195

1/294

78

refers to both the trend observed upon increasing the concentration
of anticancer compounds and the magnitude of the effe ct.
can be discerned.

Three trends

With 5-fluorouracil, the inhibition of incorpora

tion was essentially independent of concentration.

With 6-Mercapto-

purine, the inhibition of incorporation decreased as the concentration
increased.

With the remaining three anticancer compounds, the

inhibition of incorporation increased as the concentration of the
anticancer compound increased.

The actual percent of inhibition,

for a given compound, was essentially the same in both bacterial
systems.

Moreover, the inhibition of incorporation was significantly

less than that observed with the carcinogens (Tables XIX, XX).
As regards the misincorporation, an increase in the concentration
of the anticancer compound led to either a re la tiv e ly minor increase
in percent of misincorporation or resulted in an essentially unchanged
level of misincorporation.

This was true for both the mesophile and

the thermophile.
The level of misincorporation was less than that for the
control, as was also the case for the carcinogens.

However, the

difference in the level of misincorporation between the control and
the compound tested was less for the anticancer compounds than for
the carcinogens.

In other words, the carcinogens had a more

pronounced effect on decreasing the misincorporation, relative to
the control, than the anti cancer compounds.
As was true for the carcinogens, the extent of misincorporation
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in the presence of anti cancer compounds, was greater for the mesophil
ic than for the thermophilic system.
A comparison of the potency of the anticancer compounds can
be made much as i t was done above for the carcinogens.
are shown in Table XXVII.

These results

The most potent anticancer compound is

on the l e f t , and the least effective one on the rig ht.

Parentheses

again indicate that the compound was tested at a lower concentration
than the nominal 100 mM value.

I t is apparent from Table XXVIII that

procaine and 2-Cl-ethyl ami ne are the most potent anticancer compounds
with respect to th eir effect on the incorporation of a correct dNTP.
Also, procaine, 2-Cl-ethyl ami ne, and choline showed a higher degree
of misincorporation than the other compounds.

As was the case for

the carcinogens, the potency of the anti cancer compounds parallels
th eir a b ility for hydrogen bond formation.
A summary of the main trends observed in this study is given
in Table XXIX.
I t can be seen that carcinogens inhibited normal incorporation
more than anti cancer compounds.

Conversely, anticancer compounds

increased misincorporation more than carcinogens.

The effects involv

ing normal incorporation were essentially the same for both bacterial
systems.

The effects involving misincorporation were more pronounced

for the mesophile than for the thermophile.
Since the carcinogens and anticancer compounds used represent
very different types of compounds, the observed effects may be due
to different kinds of interactions between the compound and DNA poly
merase, template, or nucleotide (dNTP).

These interactions could
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Table XXIX.

Summary of major trends.
B. licheniformis (M)

stearothermophilus (T)

Incorporation of [ H]-dATP
Carcinogens

Anticancer Compounds

Incr. Cone.—> Incr. % Inhib.
Level of Inhibition
75.3 - 99.5%

M ^T

Incr. Cone.— > Incr. % Inhib.
Level of Inhibition
75.5 - 99.3%

fNo Change 1
Incr. C o n e I Increase V % Inhib.
L Decrease J
Level of Inhibition
64.5 - 84.4%
M=

T

(increaseT
Incr. Concr->lDecreaseJ
% Mi sine.
Level of Misincorporation
.15 - .28%

(Increase!
Incr. C o ne(D ecrease]
% Misinc.
Level of Misincorporation
T
.08 - .27%

o Changel
Increase V % Inhib.
Decrease]
Level of Inhibition
62.4 - 87.3%

f

Misincorporation [^H]-d6TP
Carcinogens

Anti cancer Compounds

>

(No Change")
(No Change!
Incr. Conc.->|_ Increase] % Mi sine.
Incr. Concr>| Increase/
% Misinc.
Level of Misincorporation
.w
Level of Misincorporation
.33 - .52%
mJ > T
.19 - .34%
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be expressed as:
1) Inhibition of the DNA polymerase:

This inhibition could

be of the competitive or the non-competitive type.
2) Alteration in the activity of the DNA polymerase: This could
result from changes in the pH, the polarity and/or the ionic
strength of the reaction mixture.
3) Alterations in the structure of the template and/or the
nucleotide.

Binding of the compounds to the template or

the nucleotide by means of hydrogen bonding is probably a
key factor, as indicated above.
An interesting research problem would consist of trying to
establish which of the above interactions were involved in this study.
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SUMMARY
The purpose of this study was to evaluate the f id e lity of DNA
Polymerase I in the presence of some carcinogens and anticancer com
pounds by measuring:

a) any inhibition of incorporation during the

replication of a synthetic polynucleotide, and b) any increase or
decrease in misincorporation during this replication.
The results showed that both carcinogens and anticancer compounds
decreased the incorporation of the correct nucleotide and in almost
all cases this decrease was proportional to the concentration of car
cinogen or anti cancer compound used.

The decrease in incorporation

ranged from 62.4% to 99.2%, for the enzymes for both £ . licheniformis
and

stearothermophilus.
The incorporation of the incorrect nucleotide was lower in the

presence of these compounds, as compared to that of a control.

This

means that the fid e lity of the enzyme was increased by the presence
of these compounds.

The increase in fid e lity was up to 50% for the

anti cancer compounds and up to 70% for the carcinogens.

This was

true for the enzyme for both organisms.
Various experiments were carried out to show that the misincor
poration of an incorrect nucleotide did indeed represent true error
in replication.
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